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Human umbilical cord-derived mesenchymal stem cells reduce monosodium
iodoacetate-induced apoptosis in cartilage
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INTRODUCTION

ABSTRACT

Objective: The present study investigated the therapeutic potential and underlying mechanisms
of human umbilical cord mesenchymal stem cells (HUCMSCs) on joint cartilage destruction
induced by monosodium iodoacetate (MIA) in mice. Materials and Methods: HUCMSCs
were tested for mesenchymal stem cell (MSC) characteristics including surface markers
by flow cytometry and mesoderm differentiation (adipogenesis, osteogenesis, and
chondrogenesis). Terminal deoxynucleotidyl transferase dUTP nick end labeling assay
and Western blot assay were used to evaluate MIA-induced chondrocyte apoptosis. In the
in vivo study, 18 mice were divided into three groups (n = 6 each); normal saline (control),
MIA-treated, and MIA-treated/HUCMSC-transplantation. Rota-Rods tests were used to
evaluate MIA-induced cartilage destruction behaviors in mice. Histological changes in
the mice cartilage were examined by immunohistochemistry. Results: HUCMSCs had an
immunophenotype similar to bone marrow-derived MSCs and were able to differentiate into
adipocytes, osteocytes, and chondrocytes. Conditioned medium of the HUCMSCs exhibited
an anti-apoptotic effect and inhibited expression of caspase 3 in MIA-treated chondrocytes.
HUCMSC transplantation assisted in recovery from movement impairment (from 30%
on day 7 to 115% on day 14) and in regeneration and repair of cartilage damaged by
MIA. (International Cartilage Repair Society score: 3.8 in the MIA group vs. 10.2 in the
HUCMSC-treated group); HUCMSC transplantation ameliorated cartilage apoptosis through
the caspase 3 pathway in MIA-induced cartilage destruction in mice. Conclusion: Taken
together, these observations suggest that HUCMSC transplantation appears to be effective in
protecting cartilage from MIA damage.
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supply [5,6]. In addition, HUCMSCs strongly express MSC
surface markers similar to BMSCs. HUCMSCs are negative for

steoarthritis (OA) is a common chronic degenerative joint

disorder involving mostly the weight-bearing joints such
as the knees and hips. More than 10% of American adults
have clinical OA, and it has become the fourth most common
cause of hospitalization and the most common cause of total
knee and hip joint replacement surgeries [1]. Osteochondral
transplantation, autologous perichondrial and periosteal grafts,
and autologous chondrocyte implantation, however, may not
be applicable in OA because the cartilage defects are often too
large [2-4].

Human umbilical cord mesenchymal stem cells (HUCMSCs)
have emerged as a source of mesenchymal stem cells (MSCs),
and they have many advantages over bone marrow-derived
MSCs (BMSCs). The harvesting procedure is noninvasive,
and umbilical cords are discarded tissues and in abundant
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hematopoietic markers such as cluster of differentiation (CD)
34 and CD45 [6-9]. Furthermore, HUCMSCs are capable of
differentiating into mesenchymal lineages, and the number
of fibroblast colony-forming units is significantly higher in
HUCMSCs than in BMSCs [10]. HUCMSCs are capable of
chondrogenic differentiation in vitro [8,11-14] and in vivo [15]
even better than BMSCs [16]. HUCMSCs also have anti-apop-
totic potential [17-19]. These findings indicate that HUCMSCs
may be a potential stem cell source for OA therapy [20-24]. It
has not yet been clarified if HUCMSC transplantation assists
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in recovery from cartilage damage and movement disorders in
monosodium iodoacetate (MIA)-induced OA.

HUCMSCs support the expansion of hematopoietic stem
cells and are well-tolerated by the immune system [25].
HUCMSCs survived 5 months after injection in an immuno-
genic rat model [26,27]. We previously showed that HUCMSCs
possess human leukocyte antigen-G molecules and may have
immunosuppressive characteristics [28].

Intra-articular injection of MIA is widely employed to
induce OA-like lesions in the knee [29-32], which are similar
to the pathologic changes of OA in humans [29]. MIA dis-
rupts glycolysis by inhibiting glyceraldehyde-3-phosphate
dehydrogenase, subsequently causing chondrocyte death
in vitro and in vivo [33]. By modifying MIA concentrations,
the MIA-induced OA model holds the great advantage of
easy modulation of the progression and severity of articular
lesions [29]. In addition, MIA can quickly induce pain-like
responses in the rat, and the level of pain can be controlled by
different dosages [34,35].

In the present study, the effects of intra-articular injection
of HUCMSCs on MIA-induced cartilage destruction in mice
were assessed. Histological analyses and behavioral tests were
applied to evaluate joint structure and pain behavior, respec-
tively. The underlying mechanism involving apoptosis was also
investigated.

MATERIALS AND METHODS

Isolation and expansion of human umbilical
mesenchymal stem cells

The protocols for the procurement and use of human umbil-
ical cords were approved by the Institutional Review Board of
Buddhist Tzu Chi General Hospital (IRB 100-166). The study
was conducted in accordance with the Declaration of Helsinki
and was approved by the local ethics committee of the institu-
tion. Informed written consent was obtained from all patients
before their enrollment in this study.

The detailed derivation protocol of HUCMSCs has been
reported previously with modifications [6,8,36]. Briefly, one
human umbilical cord sample (20 cm in length, 20 g in weight)
was collected in sterile boxes containing Hanks’ balanced salt
solution (Gibco/BRL 14185-052, Grand Island, NY, USA),
and separation of Wharton’s jelly (WJ) from the vessels and
amniotic membrane was conducted within 24 h. The human
umbilical cord was washed three times with Ca*" and Mg?*'-free
phosphate-buffered saline (PBS, Biowest, Nuaille, France).
It was then cut using scissors in a midline direction, and the
vessels of the umbilical artery, vein, and outlining membrane
were dissociated from WJ. The jelly was then cut into pieces
smaller than 0.5 cm?®, treated with collagenase type 1 (Sigma,
St Louis, MO, USA), and incubated for 14-18 h at 37°C in
a 95% air/5% CO, humidified atmosphere. The explants were
then cultured in low-glucose Dulbecco’s Modified Eagle’s
Medium (DMEM-LG) (Sigma) containing 10% fetal bovine
serum (FBS, Biological Industries, Kibbutz Beit Haemek,
Israel) and antibiotics at 37°C in a 95% air/5% CO, humidi-
fied atmosphere. They were left undisturbed for 5-7 days to
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allow for migration of cells from the explants. The resulting
HUCMSCs were designated as passage 1. The medium was
changed twice a week. Cells were passaged when 90% of con-
fluence was reached.

Flow cytometry

Surface molecules of HUCMSCs cultured on the third
or fourth passage were characterized by flow cytometry. The
cells were detached using Accutase (Millipore, Billerica,
MA, USA) in PBS, washed with PBS containing 2% bovine
serum albumin (Sigma) and 0.1% sodium azide (Sigma),
and incubated with the respective antibodies conjugated
with fluorescein isothiocyanate or phycoerythrin, includ-
ing CD29, CD34, CD44, CD45, CD90, CD105, HLA-ABC,
and HLA-DR (BD PharMingen, Franklin Lakes, NJ, USA).
The cells were then analyzed using a flow cytometer (Becton
Dickinson, San Jose, CA, USA).

Induction of adipogenesis

A total of 5 x 10* HUCMSCs were seeded onto a 12-well
plate with adipogenic medium (DMEM supplemented with
10% FBS, 5 pg/mL insulin, 0.5 mmol/L isobutylmethylxan-
thine, 1 umol/L dexamethasone, and 60 umol/L indomethacin
[all compounds purchased from Sigma]). The HUCMSCs was
grown in adipogenic medium for 14 days, and the medium was
changed every 3 days. After 14 days of differentiation, the dif-
ferentiated adipocytes were stained with oil red O (Sigma) and
photographed.

Induction of osteogenesis

A total of 1 x 10* HUCMSCs were seeded into each
one well of a 12-well plate with osteogenic medium
(DMEM supplemented with 10% FBS, 0.1 umol/L dexametha-
sone, 10 mmol/L B-glycerol phosphate, and 50 pmol/L ascorbic
acid). The medium was changed every 3 days. Following dif-
ferentiation for 14 days, the osteocytes were stained with
Alizarin red (Sigma) and photographed.

Micromass method (pellet) of chondrogenesis

For chondrogenesis assays, micromass cultures were estab-
lished. HUCMSCs were seeded in a total volume of 30 uL
onto the bottom of dry 15-mL test tubes (BD Pharmingen)
at a density of 25 x 10° cells/mL. The plate was placed in a
humidified CO, incubator at 37°C for 2 h and additional chon-
drogenic medium (0.75 mL) was added to each tube. The
media were changed every 48 h. Micromass (mm) cartilages
were formed and retrieved after 3 weeks of culturing. After
being photographed, the micromass cartilages were fixed in
4% paraformaldehyde at 4°C for 24 h. They were then washed
in PBS, transferred to 70% ethanol, and processed for histol-
ogy. The paraffin sections (5 wm) were assessed for cartilage
by aggrecan (1:100, GeneTex, Irvine CA, USA) immunohisto-
chemistry (IHC) staining.

Human umbilical cord mesenchymal stem cell-condition
medium collection

HUCMSC-conditioned medium (HUCMSC-CM) was gen-
erated as follows: 80% confluent, passage 4-6 HUCMSCs in a
15-cm culture dish were washed 3 times with PBS and trans-
ferred to a serum-free DMEM-LG (Sigma) culture medium for
48 h. CM from different dishes was harvested and pooled.
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Human chondrocyte derivation
The protocols for the procurement and use of human chon-

drocytes were approved by the Institutional Review Board of
Buddhist Tzu Chi General Hospital (IRB 104-158-A).

Chondrocytes were collected from the knee cartilage of
two male donors, 67 and 70 years old, who were undergo-
ing total knee replacement for OA. Cartilage fragments were
minced into 1 mm?® pieces and digested with type II colla-
genase (0.1%, Worthington, Lakewood, NJ, USA) solution
overnight at 37°C. The digested contents were then filtered
through a 100-um filter and washed with PBS. The isolated
chondrocytes were then plated at 5000 cells per cm? and grown
to confluence with DMEM: F12 (Gibco) containing 2 mM
L-glutamine and 10% FBS (Gibco), 1X penicillin/streptomy-
cin, 50 ug/mL ascorbic acid, and 0.1 M nonessential amino
acids (Gibco, Invitrogen, Grand Island, NY, USA).

Monosodium iodoacetate-induced chondrocyte apoptosis
in vitro experiment

The experimental conditions for chondrocyte treatment
were divided into four groups, those chondrocytes without
CM and MIA, those with CM but no MIA, those with both
CM and MIA, and those with no CM but with MIA. In the
MIA treatment group, MIA (conc. 0.01 mg/mL, Sigma) was
used to treat chondrocytes for 1 h and then washed off with
PBS three times and replaced with normal growth medium or
with HUCMSC-CM for 24 h. After 24 h, XTT was used for
chondrocyte proliferation. The apoptosis of chondrocytes was
evaluated by terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay. The cell lysates of chondrocytes
were processed for Western blot analysis.

XTT assay

Chondrocytes were plated in a 96-well microtiter plate at a
density of 2 x 103 cells per well in a final volume of 100 ul of
DMEM/F12 (1:1). After treatment with the above four condi-
tions, the cells were incubated with XTT solution (Biological
Industries), 150 uL for 3 h at 37°C in accordance with the
manufacturer’s instructions. The absorbance was read at
450 nm in a microplate reader (Bio-Rad Model 3550, Hercules,
CA, USA). Growth curves expressed by the optical density
values were constructed.

Transferase dUTP nick end labeling assay

Apoptotic cells of chondrocytes were detected with the
Click-iT Plus TUNEL Assay Kit (Life Technologies, Waltham,
MA, USA) in accordance with the manufacturer’s instruc-
tions. The percentage of TUNEL-positive cells was calculated
as the number of TUNEL-positive cells divided by the total
number of DAPI-positive cells in three non-overlapping areas
(2 mm? per well).

Western blot

The cell lysates of the chondrocytes were then loaded onto
a 5%-20% gradient sodium dodecyl sulfate-polyacrylamide
gel, subjected to electrophoresis under reducing conditions, and
blotted onto a polyvinylidene difluoride membrane (Bio-Rad).
The blots were blocked with a solution of 3% nonfat dry
milk/2PBS/0.1% Tween-20 at room temperature, rinsed twice
with PBS/0.1% Tween-20, and incubated with 1:200 diluted

polyclonal anti-caspase 3 or anti-cleaved caspase 3, 8, and 9
antibodies (St. John’s Lab, London, UK), followed by 1:5000
diluted anti-rabbit immunoglobulin G horseradish peroxi-
dase (HRP) (Amersham GE, Taipei, Taiwan). Detection of
actin by anti-actin antibodies (Santa Cruz, Dallas, TX, USA)
was utilized as a loading control. Membranes were rinsed three
times in PBS/0.1% Tween-20. Signals were detected with HRP
using an electrochemiluminescence kit (Promega, Fitchburg,
WI, USA). The intensities of cleaved caspase 3 were quantified
using ImagelJ processing [37].

Monosodium iodoacetate-induced osteoarthritis in mice

The Institutional Animal Care and Use Committee of
Buddhist Tzu Chi General Hospital approved the animal
experiments in this study. All experiments with animals were
performed using relevant guidelines and regulations. Female
mice (6—8 weeks old, weighing 18-22 g) were used to examine
the cartilage repair effect of HUCMSCs in vivo. To prevent
HUCMSC rejection by mice, nonobese diabetic-severe com-
bined immune deficiency (NOD-SCID [strain name: NOD.
CB17-Prkdcscid/JTcu]) mice obtained from Tzu Chi University
were chosen for the experiment. The mice were divided into
three groups: those injected with normal saline only (control
group, n = 6); MIA-injected mice without HUCMSC trans-
plantation (MIA group, n = 6); MIA-injected mice with
HUCMSC transplantation (HUCMSC group, n = 6). For
MIA-induced arthritis, adult NOD-SCID mice were subjected
to a single intra-articular injection of MIA (Sigma) or normal
saline (0.9%, control group) through the infrapatellar liga-
ment of both knees of the hind legs. The MIA was dissolved
in normal saline and administered in a volume of 10 uL using
a 30-gauge needle (BD Pharmingen), at a dose of 0.1 mg per
joint in mice. In the control mice, both knees were injected
with 10 pL of normal saline. Seven days after MIA injection,
the mice that developed significant movement disabilities were
prepared for further studies [38].

Human umbilical stem cell
transplantation

Seven days after MIA injection, the mice in the HUCMSC
group were anesthetized with intraperitoneal injections of
ketamine (50 mg/kg) and xylazine (15 mg/kg). A single
intra-articular injection of 1 x 10° undifferentiated HUCMSCs
in 50 uL normal saline was then given through the infrapatel-
lar ligament of both knees of the hind legs. The mice were
allowed to move and eat freely in their cages after HUCMSC
transplantation.

cord mesenchymal

Behavior assessments

Testing was performed during the light phase and at 7-day
intervals after induction of OA. For at least 30 min before
testing, all animals were allowed to habituate to testing con-
ditions. For behavior assessments, the mice were subjected
to forced ambulation (Rota-Rod test). Before the study,
all the mice received 3 days of training on a Rota-Rod
system (3376-4R, TSE Systems, Chesterfield, MO, USA) and
those that passed were included in this study. Behavior assess-
ments were performed for all groups on days 1, 7, 14, and 21
after MIA or normal saline injection. For the HUCMSC group,
functional assessments were performed before HUCMSC
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transplantation. The Rota-Rod test was then repeated five
times for each transplanted mouse on days 0, 7, 14, 28, and
35. The results from days 7, 14, 28, and 35 were then com-
pared with the mean duration on day O in each mouse. The
time each mouse remained on the rotating bar was recorded for
a maximum period of 1200 s per trial. The speed was set at
20 rpm. Data were presented as the meantime on the rotating
bar over five test trials.

Tissue harvesting

After the mice were euthanized on day 35, the joint sur-
faces were grossly examined. The distal femoral and the
proximal tibial plateau were removed. After fixation with 10%
buffered formalin (Sigma) for 48 h, the specimens were decal-
cified with 10% ethylenediaminetetraacetic acid (Gibco) for
2 weeks and cut into four pieces. All pieces were embedded
in paraffin. Serial sagittal sections were prepared and stained
with hematoxylin and eosin (H and E) (Sigma) and toluidine
blue (Sigma). Histological changes were directly observed
under microscope.

Histological evaluation

The sections were examined and evaluated in a blinded
fashion using the International Cartilage Repair Society (ICRS)
scoring system described previously [39]. The surface, matrix,
cell distribution, cell population viability, subchondral bone, and
cartilage mineralization were evaluated. Scores were given in
these six categories with possible total scores of 0—18 with higher
scores indicating better function. Two independent researchers
evaluated the scores without being aware of any other informa-
tion. The scores were then completed and averaged.

Immunohistochemical staining

Anti-type II collagen, aggrecan, and caspase 3 monoclonal
antibody (1: 100, GeneTex), were used for IHC. A diami-
nobenzidine tetrahydrochloride substrate was used after
incubation with a HRP-linked secondary antibody to detect
reactivity. Photographs of the stained sections were recorded
by a light microscope (Nikon TE2000-U fitted with a digital
camera [Nikon DXMI1200F], Nikon, Tokyo, Japan). The
intensities of type II collagen, aggrecan, and caspase 3 were
quantified using Imagel processing [40].

Statistical analysis

The results were expressed as mean =+ standard error of
the mean. Raw data from the Rota-Rod duration and histo-
logical scores were analyzed using one-way repeated measures
ANOVA and ANOVA with the post hoc test with Fisher’s least
significant difference, where a P < 0.05 denotes statistical
significance.

REsuULTS
Human umbilical cord mesenchymal stem cells exhibited
mesenchymal stem cell characteristics and differentiation
capability

To investigate the MSC characteristics of HUCMSCs,
morphology, surface markers, and differentiation capability
were evaluated. HUCMSCs isolated from human umbilical
cord stroma were characterized by fibroblastic morphol-
ogy [Figure la] and flow cytometry analysis [Figure 1b].
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The HUCMSCs were negative for CD34, CDA45, and
HLA-DR and positive for CD29, CD44, CD90, CDI105,
and HLA-ABC. Following induction of differentiation, the
HUCMSCs readily differentiated into fat, bone, and cartilage.
By 14 days postinduction in adipogenic and osteogenic con-
ditions, the differentiated HUCMSCs showed large, oil red
O-positive lipid droplets within the cytoplasm [Figure I1c]
and became positive for Alizarin red staining with a
change of cell morphology to a cuboid shape [Figure 1d].
The HUCMSCs conglobulated into a 3D pallet after chon-
drogenic induction for 21 days and became positive for
aggrecan staining [Figure le]. These findings indicated that
HUCMSCs could differentiate into adipocytes, osteocytes,
and chondrocytes.

Monosodium iodoacetate-treated chondrocytes recovered
from impaired proliferation and increased apoptosis in
human umbilical cord mesenchymal stem cells- conditioned
medium in vitro

The viability of primary cultured human chondrocytes
in vitro was evaluated to determine the effects of MIA.
Proliferation of these chondrocytes was impaired after
treatment with MIA for 1 h, but this impairment was par-
tially reduced in the HUCMSC-CM (P < 0.05) [Figure 2a].
Findings suggested that HUCMSCs could assist MIA-treated
chondrocytes to recover from impaired proliferation.
Evaluation was done to determine if MIA-induced impair-
ment of cell proliferation was caused by apoptosis. After
MIA treatment for 1 h, the chondrocytes were switched
into normal growth media (control) or HUCMSC-CM
for 24 h. The percentage of apoptotic cells in each group
was calculated [Figure 2b]. The percentage of apoptotic
cells reached 12% in the MIA treatment group compared
with <5% in the control (P < 0.001) or HUCMSC-CM
groups (P < 0.01) [Figure 2c]. Findings suggest that
HUCMSCs can assist MIA-treated chondrocytes to recover
from the increased apoptosis.

Monosodium iodoacetate-enhanced caspase 3 expression
was decreased in human umbilical cord mesenchymal stem
cell-conditioned medium

To clarify whether MIA could induce apoptosis via caspase
3 expression, the effects of MIA (0.01 mg/ml) on caspase
3 expression were examined by Western blot [Figure 3a].
A greater increase in caspase 3 [Figure 3b] expression was
observed in the MIA-treated group compared with control
media or HUCMSCs-CM group (P < 0.05). Findings suggest
that MIA-induced apoptosis was mediated through caspase 3
signaling pathways and was decreased by the treatment with
HUCMSCs-CM.

Movement impairment in monosodium iodoacetate- induced
osteoarthritis mice could be attenuated by human umbilical
cord mesenchymal stem cell transplantation

Based on the above results [Figures 2 and 3] showing
that protection can be offered by HUCMSC-CM against
MIA-induced chondrocyte apoptosis in vitro, the thera-
peutic effect of HUCMSC transplantation was evaluated
in MIA-induced OA mice in vivo. To retain human cells
in mice without rejection (although HUCMSCs have
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Figure 1: Characterization and mesoderm differentiation of human umbilical cord mesenchymal stem cells. (a) Fibroblastic morphology of human umbilical cord
mesenchymal stem cells with different degrees of magnification. (b) Representative flow cytometry histograms of human umbilical cord mesenchymal stem cells at
passage 3 were negative for CD34, CD45, and HLA-DR but positive for CD29, CD44, CD90, CD105, and HLA-ABC. (c¢) After culture in adipogenic media (Dulbecco’s
Modified Eagle’s Medium supplemented with 10% fetal bovine serum, 5 ug/mL insulin, 0.5 mmol/L isobutylmethylxanthine, 1 umol/L dexamethasone, and 60 umol/L
indomethacin) for 14 days, adipogenesis of human umbilical cord mesenchymal stem cells was positive with Oil Red staining. (d) After culture in osteogenic media for
14 days, osteogenesis of human umbilical cord mesenchymal stem cells was positive with Alizarin red staining. (e) After 21 days of chondrogenesis, the formatted 3D

pallet showed positive aggrecan staining. Scale bar = 100 um

immunomodulation ability), NOD-SCID mice (n = 6 in
each group) were chosen for the experiment. Movement
impairment in the MIA-induced mice was evaluated by the
Rota-Rod test. Figure 4 demonstrates that on day 7 after MIA
intra-articular injection, there was a significant impairment in
running duration in the NOD/SCID mice (MIA-treated group)
compared with the control group (P < 0.05). Running dura-
tions in the Rota-Rod test were evaluated after MIA-treatment.
Compared with day 0, the duration in the MIA group signifi-
cantly dropped to 36% on day 7, 40% on day 14, 30% on day
21, 40% on day 28, and 20% on day 35. In contrast, the dura-
tions in the HUCMSC transplantation group were significantly
improved to 115% on day 14, 90% on day 21, 100% on day
28, and 111% on day 35 compared with day 0 (P < 0.001).
These data were not significantly different from those of the
control group, in which the running durations were 107% on
day 14, 111% on day 21, 107% on day 28, and 112% on day
35 [Figure 4]. These results demonstrated improvement in
the running duration of the HUCMSC transplantation group.
This may further suggest reduction in mechanical pain due to
improvement in the knee joint with HUCMSC transplantation.

Histological evidence of repair with human umbilical cord
mesenchymal stem cell transplantation in monosodium
iodoacetate-treated mice

The effects of HUCMSC transplantation on cartilage
damage in the MIA-treated OA mice were evaluated by
histology and IHC. On day 35 after HUCMSC transplan-
tation, all mice were sacrificed for examination of knee
joints. H and E staining showed greater cell loss in both
knee joints in the MIA-treated group [Figure 5b] compared
with the control [Figure 5a] or HUCMSC transplantation
group [Figure 5c]. Toluidine blue staining for cartilage gly-
cosaminoglycans (GAGs) [41] was also markedly more
reduced in the MIA-treated group compared with the control
and HUCMSC transplantation groups [Figure 5d-f]. To quan-
tify the histological changes in the cartilage, the ICRS grading
system was used for comparison [39]. There were higher his-
tological scores in the HUCMSC transplantation group (10.2)
than in the MIA-treated group (3.8, P < 0.001) [Figure 5g]. In
conclusion, this histological and ITHC evidence indicates that
HUCMSC transplantation can reduce cell and GAG loss in
MIA-treated mouse cartilage.
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Figure 2: Effect of human umbilical cord mesenchymal stem cell-conditioned medium on proliferation and anti-apoptosis of monosodium iodoacetate-treated
chondrocytes. (a) After treatment with human umbilical cord mesenchymal stem cell-conditioned medium for 24 h, the 0.01 mg/mL monosodium iodoacetate-induced
detrimental effect on chondrocyte proliferation was ameliorated. *P < 0.05. OD: optical density. (b) Apoptosis in monosodium iodoacetate-treated chondrocytes with or
without adding human umbilical cord mesenchymal stem cell-conditioned medium. Apoptotic cells were examined by transferase dUTP nick end labeling assays and
visualized as green spots. (c) The ratio of transferase dUTP nick end labeling-positive cells to DAPI-positive chondrocytes (expressed as percentages) with or without
adding human umbilical cord mesenchymal stem cell-conditioned medium. The results were from three independent experiments and expressed as mean + standard

deviation, **P < 0.01, ***P < 0.001. Scale bar = 100 um
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Figure 3: Changes in levels of cleaved caspase 3 in the chondrocytes in the
four groups. The chondrocytes were treated with monosodium iodoacetate
for 20 min with or without adding human umbilical cord mesenchymal stem
cell-conditioned medium for 24 h. After 24 h, the levels of cleaved caspase
3 proteins were examined using Western blotting. (a) Representative Western
blots for the expression of caspase 3 proteins in chondrocytes. The expression was
increased in the monosodium iodoacetate-treated (b) but effectively decreased in
the human umbilical cord mesenchymal stem cell-conditioned medium-treated
chondrocytes (P < 0.05). The experiments were repeated in triplicate
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Increased expression of Type Il collagen and aggrecan
in the cartilage after human umbilical cord mesenchymal
stem cell transplantation

To investigate whether HUCMSCs can protect car-
tilage in vivo, immunostaining of type II collagen and
aggrecan [Figure 6] was performed. The cartilage of the MIA
group showed weak staining for type II collagen and aggrecan,
indicating minimal production of hyaline cartilage. In contrast,
the cartilage of the HUCMSC-transplanted group showed a
more even distribution and expanding darker staining, indicat-
ing the presence of hyaline cartilage in the regenerated tissue.
The morphology of cartilage in the HUCMSC-transplanted
group was the same as in the control group. Taken together,
these results indicated that HUCMSCs could assist in the
regeneration of hyaline cartilage and/or repair of hyaline car-
tilage damage in MIA-treated mice. The amounts of type
IT collagen [Figure 6d] and aggrecan [Figure 6e] in the
HUCMSC-transplanted group were significantly higher than in
the MIA-treated group (P < 0.001).

Human umbilical cord mesenchymal stem cell
transplantation ameliorated cartilage apoptosis in
monosodium iodoacetate-treated mice

To investigate whether MIA-induced apoptosis could
be ameliorated by HUCMSC transplantation in vivo, THC
of caspase 3 in the cartilage was used for the evaluation
of apoptosis. We found decreased staining of caspase 3 in
HUCMSC-transplanted cartilage compared with MIA injured
cartilage as shown in Figure 7 (P < 0.001). The results indicate
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that HUCMSC transplantation could decrease MIA-induced
chondrocyte apoptosis in vivo.
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Figure 4: Rota-Rod test performance in mice in the control (injection of normal
saline), monosodium iodoacetate (0.1 mg)-injected and human umbilical cord
mesenchymal stem cell-transplanted groups (n = 6, each group). The Rota-Rod
test was repeated five times each day on days 0, 7, 14, 28, and 35. The results from
days 7, 14, 28, and 35 were then compared with the mean duration on day 0 in
each mouse. The human umbilical cord mesenchymal stem cell-transplanted mice

DiscusSsION

The present experiment demonstrated that HUCMSCs
fulfilled the criteria of MSCs and exhibited mesoderm differenti-
ation potential that can differentiate into adipocytes, osteocytes,
and chondrocytes; HUCMSC-CM assisted MIA-treated chon-
drocytes in recovering from impaired proliferation and increased
apoptosis and in reducing MIA-enhanced caspase 3 expression.
The in vivo experiment substantiated that impaired movements
in mice with MIA-induced cartilage destruction could be attenu-
ated by HUCMSC transplantation; the histological and IHC
evidence indicated that HUCMSC transplantation reduced cell
and GAG loss in MIA-treated mice; HUCMSC transplanta-
tion assisted MIA-treated mice in the regeneration of hyaline
cartilage and/or repair of cartilage damage and in ameliorating
cartilage apoptosis. Thus, HUCMSCs may be a feasible stem
cell source for treatment in OA cartilage repair.

HUCMSCs have attracted much attention as a potential
cell source for regenerative medicine, including OA [42]. The
advantages of HUCMSCs in regenerative medicine include
avoidance of ethical issues, painless harvesting process, high
cell proliferation, wide differentiation potential, hypo-immu-
nogenicity, and non-tumorigenicity [42,43]. Previous studies

found that HUCMSCs are able to differentiate into chon-
drocytes in 2D and 3D culture systems [24,42,44,45].
Consistent with previous results, the present findings dem-
onstrated that HUCMSCs had MSC characteristics and were
capable of differentiation into adipocytes, osteocytes, and

showed significantly different durations from the monosodium iodoacetate-injected
mice without human umbilical cord mesenchymal stem cell transplantation. Motor
performance was expressed as a percentage of the duration on day 0. ***P < 0.001,
the control and human umbilical cord mesenchymal stem cell groups versus
the monosodium iodoacetate group; #P < 0.05, the control group versus the
monosodium iodoacetate group
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Figure 5: Histological changes in the hind knee joints treated with normal saline (control) (a and d), 0.1 mg monosodium iodoacetate (b and ¢), or 0.1 mg monosodium
iodoacetate plus human umbilical cord mesenchymal stem cell transplantation (c and f) at 28 days following normal saline or monosodium iodoacetate injection. The
upper panel (a-c) presents H and E staining and the lower panel (d-f) presents toluidine blue staining. Scale bar = 100 um. There was greater cell loss in the monosodium
iodoacetate-injected knees. (d) Histological scores of knee joints of experimental mice. The graph (g) depicts the histological scoring for the six categories in the
International Cartilage Repair Society scoring system in the control, monosodium iodoacetate, and human umbilical cord mesenchymal stem cell groups (7 = 6 in each
group). Comparisons between groups were performed using the one-way ANOVA test. *P < 0.05, **P < 0.01
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Figure 6: Immunohistochemistry of the joint cartilage of mice in the (a) control group, (b) monosodium iodoacetate only group, and (¢) monosodium iodoacetate + human umbilical
cord mesenchymal stem cell group. At 35 days after the experiment, the mice were killed under anesthesia and the knees were removed for staining for collagen type II and
aggrecan in the cartilage. The cartilage in the knees of mice with monosodium iodoacetate and transplanted human umbilical cord mesenchymal stem cells and the control group
had a strong affinity for type II collagen and aggrecan antibody. The injured tissue in mice after monosodium iodoacetate treatment without human umbilical cord mesenchymal
stem cell transplantation was less stained than in the human umbilical cord mesenchymal stem cell transplanted group. The amounts of type II collagen (d) and aggrecan () in the
human umbilical cord mesenchymal stem cell transplanted group were significantly higher than in the monosodium iodoacetate-treated group (***P < 0.001). Scale bar = 100 um
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Figure 7: Caspase 3 expression in the joint cartilage of mice in the (a) control group, (b) monosodium iodoacetate only group, and (c) monosodium iodoacetate + human
umbilical cord mesenchymal stem cell group. At 35 days after the experiment, the mice were killed under anesthesia and the knees were removed for staining of caspase
3 in the cartilage. After monosodium iodoacetate treatment without human umbilical cord mesenchymal stem cell transplantation, the injured tissue was more strongly
stained with caspase 3 than the human umbilical cord mesenchymal stem cell transplanted group and the control group. The amount of caspase 3 (d) in human umbilical
cord mesenchymal stem cells-transplanted group was significantly lower than in the monosodium iodoacetate-treated group (***P < 0.001). Scale bar = 100 um

chondrocytes [Figure 1]. In view of all these characteristics, for OA treatment. HUCMSCs may be a feasible stem cell
HUCMSCs can be regarded as an alternative source of MSCs source for the treatment of OA.
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MIA inhibits the activity of glyceraldehyde-3-phosphate
dehydrogenase, leading to apoptosis of chondrocytes [46-48].
The apoptosis processes through two main pathways, the
receptor (extrinsic) pathway and the mitochondrial (intrinsic)
pathway involving cytochrome c¢ release [49]. Activation of
cell death receptors such as Fas or tumor necrosis factor-ou
will trigger caspase 8, initiating subsequent caspase 3 activa-
tion with an apoptotic reaction. Caspase-dependent apoptosis
is involved in MIA-induced OA in the rat model [48-50]. In
support of these findings, the present in vitro results showed
that MIA injection activated caspase 3 and eventually increased
apoptosis in primary human chondrocytes [Figure 3], while
the in vivo results also showed increased cartilage apoptosis in
the MIA-treated group compared with the HUCMSC-treated
group [Figure 7].

The present in vitro studies demonstrated that
HUCMSC-CM  assisted MIA-treated chondrocytes in
recovering from impaired proliferation and increased apop-
tosis [Figure 2] as well as protecting them from caspase 3
overexpression [Figure 3]; the in vivo studies revealed that
HUCMSC transplantation assisted MIA-treated mice in
regeneration of hyaline cartilage and/or repair of cartilage
damage [Figure 6] and in ameliorating cartilage apopto-
sis [Figure 7]. These findings together with those findings
reported in the previous paragraph support the notion that
HUCMSCs can be regarded as an alternative source of MSCs
for OA cartilage repair treatment.

OA caused by chronic inflammation develops slowly in
patients. The limitation of this NOD-SCID model is the rapid
destruction of the joint by MIA. In addition, MIA alone can
cause cartilage damage without an inflammatory reaction.

Based on the present findings, we conclude that HUCMSCs
can fulfill MSC characteristics with mesoderm differentiation
capability. HUCMSCs can assist MIA-treated mice in regener-
ation of hyaline cartilage and/or repair of cartilage damage and
in ameliorating cartilage apoptosis. These effects can be asso-
ciated with motor behavioral improvement. Thus, HUCMSCs
may be a feasible source for stem cell treatment for OA carti-
lage repair.
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